Tumor recurrence in hepatocellular carcinoma (HCC) patients after radiofrequency ablation (RFA) remains common; some studies have reported that insufficient ablative margin after RFA might contribute to HCC recurrence. The aim of this study was to investigate whether insufficient ablative safety margins determined by early computed tomography (CT) predicts HCC recurrence after RFA. This retrospective study recruited patients with a single HCC lesion after RFA in our department between May 2013 and March 2014. Early follow-up CT was performed within 7 days after RFA. An adequate ablative margin assessed by follow-up CT was defined as (maximum post-RFA CT radius) 3 /(maximum pre-RFA CT radius + 5 mm) 3 > 1. All patients in whom complete ablation was achieved underwent a CT scan every 3 months for early detection of HCC recurrence. In total, 72 patients (48 male, mean age 69.4 years) were analyzed. Of these, eight patients had local tumor progression, four had intra-hepatic distant recurrence, and two had extra-hepatic metastasis. Insufficient ablative margin, defined as an ablative volume with a safety margin of less than 5 mm, was an important predictor of local tumor progression (LTP) (p = 0.015) and overall recurrence (p = 0.012). The sensitivity, speci- 
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and the third most common cause of cancer mortality [1] . Radiofrequency ablation (RFA) has been accepted as an equivalent alternative to resection as an eradicative treatment for small HCC [2] . However, the local tumor progression (LTP) rate after RFA is higher than that after surgical resection [3, 4] . Several studies have indicated that the incidence of LTP after RFA ranges from 2% to 18% [5, 6] . LTP may occur because of untreated satellite lesions that are too small to detect on imaging prior to RFA [7] or because of insufficient ablation. Therefore, to avoid local recurrence in HCC treated with RFA, an ablative margin (AM) of at least 5 mm was suggested in one small population study (n=85) [8] .
In current practice, the technical success of RFA is determined by pre-and post-RFA enhanced computed tomography (CT) images [8] [9] [10] . Kim et al use prototype software with registration of post-RFA CT to pre-RFA CT images to assess the safety margin immediately after RFA [11] . However, the traditional approach of using two-dimensional section-by-section comparison of pre-and post-RFA CT images alone may be insufficient to assess the AM because of the three dimensional spatial structure of the ablation volume. Motoyama et al attempted to assess the utility of coronal reformations of 64-slice multi-detector computed tomography (64-MDCT) images in assessing the AM following RFA [12] . They found that evaluation of the AM on both horizontal and coronal or sagittal images was superior to that of horizontal images alone in terms of improved positive predictive values (PPVs) and negative predictive values (NPVs) for local recurrence. In the current study, we calculated the tumor volume to assess the AM following RFA and compared this method with the utility of two-dimensional section-by-section assessments of AM through horizontal alone or both horizontal and coronal reformations of dynamic CT. Furthermore, we also investigate whether early follow-up CT could predict recurrence in patients with HCC after RFA.
Materials and Methods

Diagnosis of Hepatocellular Carcinoma
Patients with a liver nodule detectable on ultrasonography underwent dynamic CT or magnetic resonance imaging (MRI) for a definitive diagnosis of HCC [13] . Arterial and portal phase dynamic CT images were obtained at approximately 35 and 70 s, respectively, after injecting iodinated contrast material. Arterial and portal phase dynamic MR images were obtained at approximately 35 and 120 s, respectively, after injecting gadolinium-diethylenetriamine pentaacetic acid (gadopentetate dimeglumine) or gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA [gadoxetate disodium]) [14] . Tumors with a typical enhancing pattern (i.e., hyperattenuation or hyperintensity during the arterial phase and hypoattenuation or hypointensity in the portal venous phase) were immediately diagnosed as HCCs. Percutaneous needle biopsy under ultrasound guidance was performed with an 18-gauge needle for the histologic diagnosis of hepatic nodules. Samples were fixed in 10% phosphate-buffered formalin, which was immediately followed by paraffin embedding and hematoxylin and eosin staining. An experienced liver pathologist examined the samples, and the diagnosis was made according to International Working Party criteria [15] .
Study Design and Patient Population
A total of 452 patients with HCC were treated with RFA in Linkou Chang-Gung Memorial Hospital between May 2013 and March 2014. Patients with a follow-up of at least 3 months after RFA were enrolled in this study. To evaluate the effects of RFA and to minimize bias, we enrolled only patients with a single lesion who were HCC treatment naive or HCC free for at least 1 year before HCC was diagnosed. A total of 72 HCC nodules were retrospectively analyzed in 72 patients treated with RFA ( fig. 1 ).
RFA Protocol
Patients with portal vein tumor thrombosis, refractory ascites, or extrahepatic metastasis were excluded [16] . Briefly, RFA was performed percutaneously under ultrasound guidance. Straight electrodes with a 3-or 2-cm active tip were used. We often used a multiple overlapping ablation technique to create a larger ablation area. Artificial ascites or pleural effusion techniques [17, 18] were used when the target tumor was close to critical organs or located in the hepatic dome area. Radiofrequency energy was delivered for 9-12 min for each application. RFA was performed by three experienced hepatologists.
CT Protocol
CT examinations were performed less than 1 month before RFA by using a four-phase (pre-contrast, arterial, portal, delayed) technique with the MDCT system. The slice thickness was 5 mm, and the table feed was 5 mm. Each patient was injected with 100 ml of a nonionic contrast material (iopamidol, Iopamiron 370; Bayer Yakuhin, Osaka, Japan) at a rate of 3.5 ml/s using a power injector (Nemoto Kyorindo, Tokyo, Japan). The bolus tracking method was used to scan each patient. The trigger threshold level was set at 200 Hounsfield units at the level of the descending aorta. The size of the nodule was determined on either the arterial or portal phase, depending on which phase could best depict the nodule. We assumed that tumors were a three-dimensional ellipsoid shape ( fig. 2) . We calculated the half maximum length of the tumor (labeled as "a") on the horizontal view, the half maximum height of the tumor (labeled as "b") on coronal or sagittal views, and the half maximum width of the tumor (labeled as "c") using horizontal views of CT or MRI images ( fig. 3) . The pre-RFA tumor volume was calculated as 4/3 × π × (a × b × c) under the assumption of ellipsoid shape. An adequate ablative margin assessed by follow-up CT was defined as (minimum post-RFA CT radius) 3 /(maximum pre-RFA CT radius + 5 mm) 3 > 1. To assess the treatment effect of RFA, early dynamic CT or MRI using 5-mm-slice scans was performed within 7 days after RFA. The absence of visible residuals on post-RFA CT or MR images of the arterial phase was confirmed for all nodules [19] . All patients underwent follow-up dynamic CT or MRI within 3 months after the last RFA procedure; these scans were repeated approximately every 3 months if LTP was not found. LTP was diagnosed when follow-up CT or MRI revealed new nodules that had developed in close proximity to a previous ablation zone. The assessments of safety margins (using both volumetric and two-dimensional section-by-section approaches) were performed retrospectively by one radiologist and two hepatologists. 
Statistical Analyses
Statistical analyses were carried out by SPSS software, version 20.0 (SPSS, Chicago, IL, US). Descriptive data with a normal distribution are reported as mean ± standard deviation (SD). Student's t test and the Mann-Whitney U test were used to the assess differences between groups in normal-distributed and non-normal-distributed groups separately. The chi-squared test was used for categorical variables between two groups. Stepwise logistic regression analyses, both univariate and multivariate, were used to determine the correlation of the predictive factors to clinical outcomes. A two-tailed p value < 0.05 was considered to be statistically significant.
Results
Among the 72 patients participating in this study, 48 were male and the mean age was 69.4 years (range: 38.1-91.7 years) (table 1). Fifty-eight (80.6%) patients were diagnosed with liver cirrhosis by imaging or liver biopsy. The underlying etiology was HBV or HCV infection (n = 62, 86.1%), alcohol abuse (n = 4, 5.6%), and cryptogenic etiology (n = 6, 8.3%). The basic biochemistry data are listed in table 1. An ablation volume with a 5-mm safety margin was achieved in 59 (81.9%) patients. The mean ± SD tumor diameter, pre-RFA tumor volume, post-RFA actual ablation volume, estimated ablation volume with a safety margin of 5 mm, and observation period were 23 ± 10 mm, 7.6 ± 9.8 cm 3 , 44.1 ± 35.8 cm 3 , 24.8 ± 24.0 cm 3 , and 221 ± 83 days respectively. No patients had major complications, such as internal bleeding, perforation, or sepsis after RFA.
Fourteen (19.4%) patients encountered tumor recurrence, i.e., LTP (n=8, 11.1%), intrahepatic distant metastasis (n=4, 5.6%), and extra-hepatic metastasis (n=2, 2.8%) as diagnosed by follow-up dynamic CT scans. The mean disease-free interval after RFA was 153±69 days (range, 44-259 days). As shown in table 2, the significant differences between the LTP and non-LTP groups were the mean baseline alpha-fetoprotein (AFP) levels (1297 vs. 345 ng/ml, p = 0.049), the use of artificial ascites or pleural effusion in high-risk locations (62.5% vs. 27.6%, p = 0.047), and the ablation volume being more than that for a safety margin of 5 mm (50.0% vs. 87.9%, p = 0.007). The data for overall recurrence (including LTP, intra-hepatic distant metastasis and extra-hepatic metastasis) are shown in table 3. The significant differences between the overall recurrence and non-recurrence groups were mean baseline AFP levels (1075 vs. 345 ng/ ml, p = 0.049) and ablation volume being more than that for a safety margin of 5 mm (57.1% vs. 87.9%, p = 0.015). Predictors for LTP and overall recurrence are shown in table 4. Using univariate analysis, higher serum AFP level (OR =7.25, 95%CI: 1.27-21.5, p = 0.030), use of artificial ascites or pleural effusion for high risk locations (OR =4.38, 95%CI: 1.40-20.47, p = 0.019), and ablation volume being more than that for a safety margin of 5 mm (OR =0.16, 95%CI: 0.03-0.79, p = 0.024) were found to be significant in LTP, whereas, for overall recurrence, higher serum AFP level (OR =4.15, 95%CI: 1.33-17.29, p = 0.016) and ablation volume being more than that for a safety margin of 5 mm (OR =0.163, 95%CI: 0.042-0.634, p = 0.009) were significant. By multivariate analysis, only ablation volume being more than that for a safety margin of 5 mm was found to be a significant predictor of LTP and overall recurrence, with odds ratios of 0.137 (95%CI, 0.028-0.677; p = 0.015) and 0.183 (95%CI, 0.049-0.686; p = 0.012), respectively. For predicting LTP and overall recurrence, respectively, the evaluation of the sufficiency of the AM using both horizontal and coronal axes to calculate the volume rather than using the two-dimensional section-by-section approach on comparison of horizontal axes only had better sensitivity (36.4% vs. 23 
Discussion
RFA is a curative treatment for small HCC lesions. An ablation volume encompassing both the target tumor and the surrounding liver parenchyma is mandatory to obtain a sufficient therapeutic response. Therefore, evaluating the AM is of paramount importance. The AM has been assessed using only axial enhanced CT and MRI images in previous articles; however, recent studies revealed that other modalities of diagnostic imaging such as super paramagnetic iron oxide (SPIO)-enhanced MRI and contrast-enhanced ultrasonography (CEUS) enabled a more precise evaluation of the AM [20, 21] . Imaging fusion techniques such as the registration of pre-RFA axial CT images onto post-RFA images appear to be useful and accurate for evaluating the AM [22, 23] . However, because neither CEUS nor fusion techniques were available in our hospital, we use conventional dynamic CT or MRI to evaluate the safety margin after RFA, but we introduced the concept of three-dimensional spatial INR = international normalized ratio; AFP = alpha-fetoprotein; ALT = alanine aminotransferase; RFA = radiofrequency ablation. structure through calculating the ablation volume encompassing both the target tumor and the surrounding liver parenchyma. Coronal or sagittal images can demonstrate the vascular and biliary systems in the liver in the longitudinal axis and provide additional information on the location and extent of HCC. Coronal reformatting techniques can also recognize the relationship between tumor and hepatic vasculatures, which is essential for the accurate preoperative planning of RFA [12] . We analyzed LTP of HCC after percutaneous RFA independently from other recurrence, e.g., intra-hepatic distant metastasis and extra-hepatic metastasis, because each type of recurrence has a specific mechanism of pathogenesis. Generally, LTP was considered related to residual tumor cells that have spread microscopically beyond the ablative margin, although there is a possibility of de novo occurrence at that site. Therefore, LTP may be more closely associated with a treatment methodology or result, the local environment of the tumor (such as contact with vessels), and the characteristics of the tumor itself rather than the systemic condition of the patient. How to evaluate an accurate ablation margin plays an important role in such groups of patients. 64-MDCT is currently widely used because of its low cost, short examination time, and wide availability. Coronal or sagittal reformatted CT images obtained from 64-MDCT have also been shown to be particularly useful in both the detection of tumors and tumor progression in various cancers, including HCC. Tomonari et al [23] found that the site of recurrence was most commonly observed in the craniocaudal direction. Motoyama et al [12] used this concept and found that the assessment ability of the AM using the two-dimensional section-by-section approach to compare preand post-ablation lesion size based on both horizontal and coronal images was better than that based on horizontal images only, including better sensitivity, specificity, PPV and NPV. In our study, we also found the same satisfactory results. We calculated the tumor size through the ablation zone in three spatial axes from horizontal and coronal/sagittal views by using pre/post-RFA CT images. We found that if the ablation zone in each of the three spatial axes could achieve a minimum safety margin of 5 mm, patients will have a lower LTP (2.8% vs. (table 5) .
Because a tumor is a three-dimensional spatial structure with an irregular shape, it is not surprising that we could not adequately assess the safety ablation margin using only a conventional two-dimensional section-by-section comparison of pre-and post-RFA CT images. We assumed that tumors are approximately ellipsoid in shape and calculated the volume as 4/3 × π × (a × b × c) where a, b, and c are half the tumor maximum length, width, and height respectively. Because cellular proliferation and resistance to apoptosis are significantly increased after incomplete thermal ablation [24] , we try to create a large ablation volume with a safety margin of 5 mm , i.e., 4/3 × π × (maximum pre-RFA CT radius + 5 mm) 3 , to cover the whole tumor. Most of our patients (n = 59, 81.9%) could achieve an ablation zone corresponding to a relative low LTP (7.2% vs. 36.4%, p = 0.007) and overall recurrence (13.6% vs. 46.2%, p = 0.015) rate. As expected, use of the above mentioned ablated volume to predict local progression and overall recurrence had better sensitivity and specificity than not only use of conventional horizontal axes but also use of horizontal plus coronal axes in our study (table 5) . However, it is difficult to develop an ablative margin of at least 5 mm in the management of HCC in high-risk locations such as contiguous vessels, subcapsular regions, or near vital organs. It has been suggested that the presence of blood vessels contiguous to HCC affects LTP after RFA because of the heat sink effect [8] . However, in our study, the presence of contiguous vessels was not a significant factor (p = 0.448 and 0.931 for LTP and overall recurrence, respectively), possibly because most of the contiguous vessels were hepatic veins rather than portal veins. In fact, Kim et al. [25] reported that aggressive ablation of the portion of the tumor close to a hepatic vein might be useful to prevent LTP. Besides, we could solve these problems by combining use of ethanol injection and using artificial ascites or pleural effusion to achieve complete ablation [26] . In our study, use of artificial ascites or pleural effusion and adequate ablation margin for high-risk locations indeed decreased the LTP rate (13.3% vs. 50.0%, p = 0.043) and overall recurrence rate (18.8% vs. 50.0%, p = 0.048) ( fig. 4A, 4B ). There are some limitations in the present study. First, it was conducted in a retrospective cohort with a small sample size. To reduce the effects of other factors, we focused on patients who had primary single small HCC that was completely ablated. These results must be confirmed in larger prospective studies. Second, the short follow-up period may underestimate the likelihood of LTP or recurrence. A longer follow-up time is required to validate our findings. Third, other modalities such as contrast-enhanced ultrasonography (CEUS) can be used to assess the efficacy of RFA for HCC, with the potential to reduce the number of CT scans required for confirmation in patients with impaired renal function [21] ; however, CEUS was not available in this study setting.
In conclusion, an ablation volume with an ablation margin greater than 5 mm is a significant factor contributing to lower LTP and overall recurrence in HCC after RFA. Further studies with larger populations are required to validate our findings. 2D, S/S = Two-dimensional section-by-section assessment of whether a 5-mm safety margin was achieved. 
